Free radicals have been implicated in the pathogenesis of reperfusion injury, but it is unclear how they exert their deleterious effects on cellular metabolism. Several lines of indirect evidence suggest that free radicals elevate intracellular Ca2" concentration ([Ca2"]) and inhibit glycolysis as part of their mechanism of injury. We tested these ideas directly in hearts subjected to hydroxyl radicals produced by the Fenton and Haber-Weiss reactions. Nuclear magnetic resonance spectra were obtained from Langendorff-perfused rabbit hearts before, during, and after 4 min of perfusion with H202 (0.75 mM) and Fe3+-chelate (0.1 mM). Isovolumic left ventricular pressure exhibited progressive functional deterioration and contracture after exposure to H202 + Fe3+. Phosphorus nuclear magnetic resonance (NMR) spectra revealed partial ATP depletion and sugar phosphate accumulation indicative of glycolytic inhibi- 
Introduction
Free radicals are attractive candidates in the continuing search for the mediators of reperfusion injury. Several lines of evidence support a dominant role for these highly reactive molecules. Radicals are generated upon restoration of flow to ischemic myocardium (1) (2) (3) (4) ; scavengers and enzymes that destroy radicals have been found to improve functional and metabolic recovery (5) (6) (7) (8) ; and, finally, exogenous radical generation mim-ics various features of reperfusion injury, notably contractile dysfunction and ATP depletion (9, 10) . Despite important exceptions to many of these observations (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , interest in the effects of free radicals remains great. Nevertheless, relatively little is known about the precise mechanisms by which radicals damage cells. Such information is desirable for basic reasons and to help guide strategies for myocardial protection in ischemic syndromes.
The simplest notion might be to suppose that radicals kill cells by creating nonspecific holes in lipid membranes, particularly the sarcolemma, but this idea has been challenged by various experimental findings. Direct recordings of membrane potential (14, 15) and ionic currents (9, 16) during and after exposure to free radicals reveal surprisingly specific effects on ion transport pathways, with no evidence for the creation of nonspecific leaks. Goldhaber et al. (9) have found that radicals generated either by hydrogen peroxide or by xanthine + xanthine oxidase turn on ATP-sensitive potassium channels in the sarcolemma. Since these channels are thought to be preferentially regulated by ATP derived from glycolysis (rather than from oxidative phosphorylation), the observation that they are activated by exogenous free radicals is suggestive of glycolytic inhibition (17) . Indeed, key enzymes in the glycolytic cascade are known to be susceptible to inactivation by free radicals (18, 19) . Changes in Na+/Ca2+ and Na+/H+ exchange activity (20, 21) , as well as in Na+/K+ ATPase (22, 23) have also been found in sarcolemmal vesicle preparations. These pathways for transmembrane ion flux directly or indirectly regulate the intracellular free Ca2+ concentration ([Ca2+] i). Changes in [Ca2+]i feature prominently in most diagrams that purport to explain the effects of radicals (24) , although there is little direct evidence for radical-induced calcium overload. Disruption of calcium metabolism has been suspected for two reasons. First, [Ca2+]i functions physiologically to activate contraction; disturbances in cellular Ca2" cycling underlie many well-characterized forms of functional depression (25) (26) (27) . Secondly, a sustained rise in [Ca2+] i can produce cellular injury by activating dormant proteases and by interacting with other enzymatic pathways (28) . An effect of free radicals on [Ca2+]i would go a long way towards explaining the action of these compounds on the heart, particularly if the changes in [Ca2+]i could be related to well-defined alterations in energy metabolism.
We sought evidence for radical-induced changes in calcium and energy metabolism using the most direct approach available in living tissue. Rabbit hearts were perfused in a nuclear magnetic resonance (NMR)' magnet for measurements of [Ca2+]i and high-energy phosphates. Radicals were generated by the superoxide-driven Fenton reaction, alternatively known as the iron-catalyzed Haber-Weiss reaction. Hydrogen peroxide is a potent oxidizing agent which generates superoxide anion (O*-) and hydroxyl radical (*OH) in the presence oftransition metal ions (e.g., Fe3", Cu2+). The [3] to yield the following net reaction:
*O°+ H202 * -OH + OH + 2 [4] Our observations provide the first direct evidence for concomitant disruption ofcalcium and energy metabolism by free radicals.
Methods
Female New Zealand white rabbits (1. Experimental protocol. A total of 20 hearts (average heart weight 3.0 g) were studied. 5-10 min after the hearts achieved a steady-state left ventricular pressure during perfusion with the Krebs solution, the following protocol was implemented. An aqueous solution of Fe3+-nitrilo-triacetic acid (NTA) (1:2), prepared as reported previously (30) , was infused via a side port connected to the main perfusate column to achieve a final concentration of 100 1M. After 1 min, 0.75 mM H202 was added to the main perfusate line. Perfusion with both Fe3+-NTA and H202 continued for 4 min, followed by a resumption of perfusion with the usual Krebs solution.
A total of 11 hearts (seven at 30°C, 0.5 mM [Ca] .; three at 30°C, 1 mM [Ca]0; one at 37°C, 1 mM [Ca] .) were loaded with calcium indicator 5F-BAPTA (see below) and dedicated to the measurement oftimeaveraged [Ca2+]i using`9F-NMR spectroscopy. Measurements ofphosphorus metabolites were also obtained using 3'P-NMR at the beginning and end of the experimental protocol. Two hearts loaded with 5F-BAPTA (30°C, 0.5 mM [Ca] .) were used to measure phosphorus metabolites throughout the course of the experiment. Another seven hearts were studied without 5F-BAPTA to collect 31P-NMR spectra every 4 min during the entire experimental protocol, using phosphorus NMR parameters described below. Three ofthese hearts were also used to measure lactate levels on venous effluents collected every 4 Identification ofphosphomonoester peaks. At the end ofthe experiment three hearts were immediately clamped frozen and immersed in liquid nitrogen. The hearts were individually weighed and extracted with 6% perchloric acid (2 ml/g wet weight). The supernatant extract was neutralized with 5 M KOH to a pH of 7.0-7.5. After centrifugation, 0.1 g/ml of a chelating resin (Sigma Chemical Co. C-7901) was added to the supernatant to remove metal ions. The decanted extract was lyophilized and reconstituted in D20 before NMR analysis.
Phosphorus NMR spectra were obtained from the extract using an NMR spectrometer (model MSL 500, Bruker Instruments, Inc.). The identification of the major phosphomonoester peak centered at -7 ppm in whole perfused hearts was determined in the following manner: (a) the observed resonances were compared to a library of resonance peak positions according to existing published data (37) (38) (39) , (b) the pH dependences of the chemical shifts in the extract were determined for the various peaks of interest, and pK.'s derived from the HendersonHasselbach relationship, and (c) suspected identity of the major peaks was confirmed by the addition ofa known phosphate compound to the extract to determine if the resonance peak originating from the added substance enhanced the peak of interest at several different pH values (40 Electron paramagnetic resonance measurements offree radicals. EPR spectra were recorded at room temperature using a spectrometer (model ER300, IBM-Bruker) operating at X-band with a TM 110 cavity and TM flat cell (Bruker Instruments, Inc.). The spectrometer settings were: modulation frequency, 100 kHz; modulation amplitude, 0.5 G; scan time, 1.0 min; microwave power, 20 mW; microwave frequency, 9.772 GHz. The microwave frequency and magnetic field were precisely measured with a source-locking microwave counter (model 575, EIP Instruments, San Jose, CA) and an NMR gaussmeter (model ER 035M, Bruker Instruments, Inc.), respectively.
Repetitive 1-min acquisitions were performed and the digitized spectral data transferred to a personal computer for analysis. Spectral simulations were done on the personal computer and directly matched with the experimental data to extract the spectral parameters. Multipurpose computer software capable of simulating and handling as many as 24 simulated and/or experimental spectra at a time was used for analyzing and quantitating experimental spectra, as described previously (30, 41, 42) .
Statistics. All pooled data are presented as means±SEM. Statistical analysis was performed using paired t test or analysis of variance as appropriate (43) . Significance was determined at the P < 0.05 level.
Results
Identity and quantitation offree radicals generated by H202 + Fe"+. Electron paramagnetic resonance measurements were performed in order to confirm that the radical generating system actually produced the reactive * OH radical both in vitro and upon perfusion into isolated hearts. In the presence ofiron chelates which facilitate the Fenton reaction, H202 is reduced to * OH as shown in reaction 4. The iron-mediated Fenton reaction of H202 to -OH is believed to be an important source of the oxidative injury which occurs upon reperfusion of the ischemic heart (1, 6) . Fig. 1 A shows the EPR spectra obtained when the ferric iron chelate Fe3+-NTA and H202 were mixed in the presence of the EPR spin trap 5,5'dimethyl-I-N-pyrolineoxide (DMPO). A prominent 1:2:2:1 quartet signal is evident, which is well-simulated by a spectrum with hyperfine coupling constants aH = 14.71 and aN = 14.99 G (Fig. 1 B) characteristic of DMPO-OH (44). With either H202 or Fe3+-NTA alone in the presence of DMPO, no significant radical signal was seen. These experiments suggest that -OH is generated on mixing Fe3+-NTA and H202 and reacts with DMPO to form DMPO-OH. In addition, it appears that H202 alone or the iron chelate alone give rise to little if any radical generation.
In order to confirm further that -OH is generated, additional experiments were performed in the presence of ethanol. The hydroxyl radical will extract a hydrogen from ethanol to form an ethyl radical which gives rise to a DMPO-ethyl adduct signal. Fig. 1 C shows that, in the presence of 5% ethanol, a prominent 1:1:1:1:1:1 six peak spectrum, with aH = 23.29 and aN = 15.90 ( Fig. 1 D) , was observed; this signal is indicative of the DMPO ethyl adduct with a decrease in the magnitude of the DMPO-OH spectrum. These spectra demonstrate that an ethyl radical was generated and thus confirm that -OH had been formed.
Additional experiments were performed perfusing H202 and Fe3+-NTA into isolated rabbit hearts along with 40 mM DMPO, and free radical generation was measured in the coronary effluent. The free radical signals (Fig. 2 A) were similar to those observed in the in vitro studies, consisting ofa prominent DMPO-OH signal and a DMPO-R signal, as exemplified by tinued progressively throughout the period of observation, even after the H202 infusion was terminated. The net result was a marked decrease in developed pressure (defined as peak-systolic minus end-diastolic pressure) which continued to evolve even after return to control perfusate. The lower panel (Fig. 3 B) demonstrates pooled data from 4 such hearts illustrating the average time course of the changes in systolic and diastolic pressure. Developed pressure (plotted in Fig. 8 ) revealed a statistically significant depression from control starting at 4 min after H202. 10 min after the end of H202 exposure, absolute diastolic pressure was also significantly different from control. Thus, contractile depression began during the infusion of free radicals. Afterwards, full-blown contracture developed despite termination of the radical-generating infusion. The contractile failure evident in Fig. 3 , which is reminiscent of ischemic (24, 45) or postischemic contracture (46) , results from mechanisms yet to be defined. The generation by the physiological mechanism of Ca2+-activated cross-bridge cycling (24) . ATP depletion has been reported as a consequence ofexposure to exogenous free radicals (9, 19) , but the reported depletion in bulk ATP to -50% of control levels would not in itself suffice to produce contracture (45 (33) . Metabolism: effect offree radicals on high energy phosphates. Fig. 4 demonstrates typical phosphorus NMR spectra from one heart (A) during control perfusion, (B) 4 min after infusion of H202 + Fe3", and (C) after 20 min ofwashout. The effects of free radicals are dramatic. As early as 4 min (B), a decrease in PCr is evident, with a concomitant rise in Pi. ATP has decreased noticeably by 20 min after free radical infusion. Of particular interest is the marked increase in the chemical resonance peak at -7 ppm, known as the phosphomonoester resonance, evident in both B and C, suggesting an increase in sugar phosphates from glycolytic inhibition: Blockage of early steps in glycolysis leads to accumulation ofphosphorylated sugars via direct inhibition of glyceraldehyde-3-phosphate dehydrogenase, and through reduction of the intracellular concentration and redox potential of its nicotinamide cofactors (18, 19 (6)]. Thus, these findings indicate that glycolytic intermediates represent the dominant components of the phosphomonoester peak that is observed in the radical-exposed hearts. Fig. 6 summarizes the effects of free radicals on energy metabolites in the absence of 5F-BAPTA. Pooled data from four hearts demonstrate the changes in high-energy phosphates and pHi before, during and after infusion of H202-Fe3". [ (Fig. 6 C) is most comparable to that of the contracture (cf. Fig. 3 B) . Among the phosphorus metabolites measured in all hearts studied with and without 5F-BAPTA, the myocardial content of sugar phosphate showed the best correlation with end-diastolic pressure (r = 0.815, P < 0.01). Inhibition of glycolysis would decrease the production of lactate, although net lactate efflux might be enhanced if oxidative phosphorylation were also inhibited (9) . To distinguish between these possibilities, we measured lactate levels in venous effluent samples obtained throughout the experimental protocol in three separate hearts. In all cases, venous lactate concentration remained below the limit of detection for the assay (1.2 mg/dl) throughout the time course of the experiment. Thus, our data provide no support for a disruption of oxidative phosphorylation superimposed upon the inhibition of glycolysis.
Effects offree radicals on hearts loaded with SF-BAPTA. Considering the discrepancy between the time courses of ATP depletion and contracture, bulk ATP concentration appears incapable ofexplaining the mechanical changes. Since glycolysis is thought to regulate sarcolemmal ion transport, the evidence pointing to glycolytic inhibition in this study naturally gives reason to wonder whether [Ca2+]i might be increased by free radicals. To test this idea, we loaded hearts with 5F-BAPTA and measured the effects of free radicals on [Ca2+]i.
The calcium-buffering capacity of5F-BAPTA exerts a negative inotropic effect at the cytoplasmic concentrations required to achieve an acceptable signal-to-noise ratio (33) . Nevertheless, we maintained a relatively low concentration of calcium (0.5 [Ca].. (55) . We thus ascertained whether the changes in developed pressure and phosphorus metabolites remain at least qualitatively similar in hearts loaded with 5F-BAPTA as compared to hearts not containing the indicator. Fig. 7 demonstrates the pressure recording and representative 31P-NMR spectra from one heart loaded with 5F-BAPTA. The low systolic pressure reflects both the low free calcium in the perfusate, and the negative inotropic effect of 5F-BAPTA. Nevertheless, the contracture formation is quite comparable to that observed in hearts lacking SF-BAPTA. The spectra in the lower panel were obtained from the same heart during control perfusion (a), and 4-8 minutes (b) or 12-16 min (c) after exposure to H202. A rise in the sugar phosphate peak (-7 ppm) can be noted as early as panel b, and the increase is even greater by the late phase of the experimental protocol (panel c). The decreases in PCr and ATP, with a concomitant rise in Pi, also contribute to a pattern that closely resembles that noted in hearts not loaded with 5F-BAPTA (cf. Fig. 4) . Fig. 8 illustrates the average fractional changes in developed pressure during the experimental protocol in hearts loaded with 5F-BAPTA (A) and those not containing the indicator (U). In both sets of pooled data, developed pressure decreases during infusion of the free radical generating system b.
C. and continues to decline markedly thereafter. The relative decline is less pronounced 20 min after free radical infusion in 5F-BAPTA-loaded hearts, but the characteristic trend is quite similar. Thus, although we cannot exclude a protective effect from cytoplasmic 5F-BAPTA, such an effect is probably modest given that the overall patterns of the contractile and metabolic responses to free radicals are preserved.
To ascertain the interrelationship among metabolites, contractile function and calcium, we measured high-energy phosphates and pHi in the same hearts in which [Ca2+]i was measured by 5F-BAPTA. plasmic 5F-BAPTA. Before exposure to free radicals, all the hearts exhibited a normal phosphate profile, with high ATP and PCr concentrations, low Pi, and an intracellular pH near 7.2. By the end ofthe experimental protocol (25 min after H202 infusion), [ATP] had decreased by 50%, and [PCr] had also fallen significantly. Thus, the changes in energy metabolites observed after free radical exposure are quite similar in the presence or absence of 5F-BAPTA, despite a slight protective effect in the presence of 5F-BAPTA.
Effect offree radicals on intracellular calcium. Does [Ca2+]i increase as a consequence of free radical generation? Fig. 10 depicts representative '9F-NMR spectra from one 5F-BAPTAloaded heart (a) in control, (b) during H2OJFe3" infusion, and (c) 12-16 min after infusion. The spectra report a rise in [Ca2+]i during infusion of the H2OJFe3" solution, as evidenced by the relative enhancement ofthe calcium-bound peak at 8 ppm (b). The relative predominance of the calcium-bound peak is even greater 12-16 min after the infusion was terminated (c).
The results in A were obtained with the usual protocol (0.5 mM [Ca] ., 30'C), but we ascertained whether the general findings would be similar at a more physiologic [Ca] . and temperature. Fig. 10 B illustrates representative '9F-NMR spectra from another heart perfused with 1.0 mM [Ca] . at 370C. Spectrum a was obtained during control, b during infusion of free radicals, and c 12-16 min after infusion. Enhancement of the calciumbound peak during and after free radical infusion is evident and comparable to that noted with 0.5 mM [Ca] . at 30'C. Fig. 11 shows pooled data for [Ca2+]i from all seven hearts subjected to the standard protocol. In the control period, time-averaged
[Ca2+]i is quite stable with an average value of 347±14 nM.
[Ca2+]i begins to rise during the free radical infusion, demonstrates a transient increase to 1,026±295 nM during the initial 4 min after the infusion, then settles to a plateau at two to three times control levels.
[Pi]
[PCr] IWITHOUT 5F-BAPTA WITH 5F-BAPTA Figure 9 . Metabolic changes in all hearts during control and after H202. Bar These concentrations of intracellular free calcium are orders ofmagnitude lower than would be seen ifcell membrane integrity were entirely disrupted, but they are certainly sufficient to activate contraction (56, 57) [Ca2+]j during washout of the free radical generating system may reflect the Ca2+ buffering effect of cytoplasmic SF-BAPTA, since the absolute diastolic pressure changes in these hearts (11.7±2.0 mm Hg in control, 37.5±8.2 mm Hg 25 min after H202 infusion) were considerably more modest in magnitude than those in hearts not containing the indicator (cf. Fig.  3 ). It should also be noted that 5F-BAPTA provides a lower-limit estimate of the true spatio-temporal average [Ca2J]i (49) . Thus, we conclude that the actual changes in [Ca2+] i are at least as large as those in Fig. 1 1, but it seems likely that they may be considerably greater in hearts not containing the indicator. 
Discussion
Mechanism of contracture induced by free radicals. We have observed that exogenously generated free radicals dramatically undermine myocardial function, consistent with previous observations from other laboratories (9, 10) . The most striking mechanical change is contracture; indeed, the progressive increase in diastolic force accounts for most ofthe associated fall in developed pressure during twitch contractions (Fig. 3) . The functional changes resemble those that have been reported upon reperfusion after 45-60 min of global ischemia in rabbit hearts (46, 58, 59) . The development ofcontracture implies either critical ATP depletion or cytosolic calcium overload (24, 45) . Although Pi accumulation and partial PCr depletion are also observed, neither of these factors would be expected to elevate diastolic tension (35) . Two lines of evidence argue against a causal role for ATP depletion in the contracture. Although ATP did fall to 50% of control levels by the end of the observation period, this magnitude of ATP depletion falls far short of that which would be required to induce rigor crossbridges (45 Figs. 3 B and 11 ). These considerations leave little doubt that the dominant factor here is the increase in [Ca2+]i rather than the fall in ATP. In this sense, the mechanism resembles that most often invoked to explain diastolic dysfunction in reperfused myocardium (26, 46) , but contrasts with our own conclusions regarding the contracture that occurs during total global ischemia (45) [Ca2+]i never returns to baseline. This free radical-mediated calcium overload is of particular interest since the concentration of radicals generated here is of the same order of magnitude as that noted in postischemic reperfusion (Fig. 2) .
The irreversible rise in [Ca2+]i might result from several mechanisms. Exogenous free radicals would be expected to enhance cellular calcium loading by the known inhibition ofNa'-K+ ATPase in the surface membrane and of Ca2+-ATPase in both the sarcolemma and the sarcoplasmic reticulum (20, 22, 23, (62) (63) (64) (65) . Free radicals are also capable ofinjuring mitochondrial Ca2+-ATPase (34) . These various effects may be direct consequences of the oxidant species, or they may be mediated through end products oflipid peroxidation which could in turn react with integral membrane proteins. Disruption ofcell integrity has been argued not to be necessary (17, 34 (9, 17, 24, 68) . During ischemia, it has been proposed that glucose produces ATP in proximity to the sarcolemma at a critical rate to maintain calcium homeostasis, thus delaying calcium overload (24 (33) . Such recovery was absent after 4 min of exogenous radical generation (Fig. 1 1) . The present results also indicate a long-lasting derangement ofenergy metabolism with H202 and Fe3", unlike the rapid recovery that is the rule in reperfusion after brief ischemic periods (69) . As a possible origin ofthe discrepancies, it should be noted that radical generation occurs as a short-lived burst upon reperfusion (2, 3, 30) , but is sustained for 4 min with the experimental protocol used here. Although the peak concentrations of * OH are similar (Fig. 2) , the total amount ofradical elaboration is much greater here than in the stunned myocardium. It is also possible that the site of radical generation is different in the two settings. Thus, caution is merited in extrapolating the findings with H202 and Fe3" to the complex biology of myocardial reperfusion.
